To move forward with immunotherapy, it is important to understand how the tumor microenvironment generates systemic immunosuppression in patients with renal cell carcinoma (RCC) as well as in patients with other types of solid tumors. Even though antigen discovery in RCC has lagged behind melanoma, recent clinical trials have finally authenticated that RCC is susceptible to vaccine-based therapy. Furthermore, judicious coadministration of cytokines and chemotherapy can potentiate therapeutic responses to vaccine in RCC and prolong survival, as has already proved possible for melanoma. Although high-dose interleukin 2 immunotherapy has been superseded as first-line therapy for RCC by promiscuous receptor tyrosine kinase inhibitors (rTKIs) such as sunitinib, sunitinib itself is a potent immunoadjunct in animal tumor models. A reasonable therapeutic goal is to unite antiangiogenic strategies with immunotherapy as first-line therapy for RCC. This strategy is equally appropriate for testing in all solid tumors in which the microenvironment generates immunosuppression. A common element of RCC and pancreatic, colon, breast, and other solid tumors is large numbers of circulating myeloid-derived suppressor cells (MDSCs), and because MDSCs elicit regulatory T cells rather than vice versa, gaining control over MDSCs is an important initial step in any immunotherapy. Although rTKIs like sunitinib have a remarkable capacity to deplete MDSCs and restore normal T-cell function in peripheral body compartments such as the bloodstream and the spleen, such rTKIs are effective only against MDSCs, which are engaged in phospho-STAT3Ydependent programming (pSTAT3+). Unfortunately, rTKI-resistant pSTAT3j MDSCs are especially apt to arise within the tumor microenvironment itself, necessitating strategies that do not rely exclusively on STAT3 disruption. The most utilitarian strategy to gain control of both pSTAT3+ and pSTAT3j MDSCs may be to exploit the natural differentiation pathway, which permits MDSCs to mature into tumoricidal macrophages (TM1) via such stimuli as Toll-like receptor agonists, interferon F, and CD40 ligation. Overall, this review highlights the mechanisms of immune suppression used by the different regulatory cell types operative in RCC as well as other tumors. It also describes the different therapeutic strategies to overcome the suppressive nature of the tumor microenvironment.
T he clear cell variant of renal cell carcinoma (RCC) is the most common form of kidney cancer in humans and shares with melanoma a unique potential to respond dramatically to immunotherapy. 1Y3 Typically, however, less than 15% of all RCC patients experience therapeutically enduring responses from high-dose interleukin 2 (IL-2), the criterion standard of immunotherapy, and the overall survival of all RCC patients receiving IL-2 is only 1 year. 1Y3 In contrast, recent efforts to target angiogenesis pathways in RCC have increased the response rate to 40% and overall survival to 40 months. 4 This unprecedented therapeutic advance quickly caused targeted therapy to supplant high-dose IL-2 as first-line therapy for RCC, both in community practice and at most academic centers.
Ironically, given the importance of blood supply to every solid tumor, the response rate of common human cancer types to targeted antiangiogenic therapy has been surprisingly modest, except for RCC. Renal cell carcinoma's disproportionately greater susceptibility may reflect the unique roles played by several genes such as von HippelYLindau (VHL) and hypoxia-inducing factor 1> in regulating RCC angiogenesis, both in inherited and sporadic cases of RCC. 5 Nonetheless, even when RCC is the target, the most effective ''antiangiogenic'' agents are highly promiscuous receptor tyrosine kinase inhibitors (rTKIs) such as sunitinib and sorafenib, which simultaneously block signal transduction for a multitude of factors including vascular endothelial growth factor (VEGF), platelet-derived growth factor, stem cell factor (for which c-kit is receptor), colony-stimulating factor, and Flt3 ligand. 5Y7 In contrast, narrower-spectrum rTKIs, which merely target VEGF receptors, for example, are as ineffective against RCC as they are against other common types of solid human tumors. The requirement for promiscuity suggests that effective targeting of RCC and other solid tumors with rTKI extends far beyond the mere targeting of angiogenesis.
Coincidentally, the promiscuous rTKIs, which have proved effective against human RCC, also have profound impact on the immune system. 8, 9 For example, the promiscuous rTKI sunitinib causes pronounced depletion of peripheral blood myeloid-derived suppressor cells (MDSCs), thereby restoring normal T-cell function within that compartment. The even more promiscuous rTKI sorafenib similarly depletes peripheral MDSCs, but also itself interferes with normal T-cell function. 9 Although it is tempting to use these observations to explain sunitinib's therapeutic superiority to sorafenib in RCC, it is futile, because even RCC patients whose tumors progress rapidly during sunitinib therapy display dramatic MDSC depletion and normalized T-cell function within their peripheral blood. 9Y11 A similar disparity is observed in mouse tumor models, where MDSC depletion and normalized T-cell function are uniformly observed in the spleen during sunitinib treatment regardless of whether tumors themselves simultaneously progress or regress. 9, 10 In-depth investigations are providing the explanation for this seeming paradox: whereas sunitinib profoundly depletes MDSCs in both peripheral human blood and mouse spleen, normalizing T-cell function in these roughly equivalent peripheral compartments, sunitinib's depletion of intratumoral MDSCs is often less decisive. 9, 10 The recognition that sunitinib mainly disrupts STAT3-dependent functions has given rise to the testable hypothesis that peripheral MDSCs engage predominantly in STAT3-dependent programming, whereas factors preferentially produced in the tumor microenvironment diversify intratumoral MDSCs to engage in nonYSTAT3-dependent activities, which are sunitinib-resistant. Understanding and combating such resistance mechanisms may enable agents such as sunitinib to decisively immunomodulate the tumor microenvironment, further improving therapeutic efficacy against all types of solid tumors.
We first discuss the host inhibitory cells, which arise bodywide as a consequence of factors generated or induced by the tumor microenvironment (MDSCs, tumor-associated macrophages [TAMs] , and regulatory T cells [Tregs] ). This is followed by considerations of chemokines and chemokine receptors, which define the relationship of these host inhibitory cells to the host environments, both intratumoral and extratumoral compartments. We conclude with considerations of how the effector immune system functions under this adversity. Therapeutic strategies to overcome the challenge of the tumor microenvironment are discussed continuously.
PATHOLOGICAL GENERATION OF INHIBITORY IMMUNE CELLS AS A CONSEQUENCE OF THE RCC MICROENVIRONMENT

Myeloid-Derived Suppressor Cells
Characterization Myeloid-derived suppressor cells represent a heterogeneous cell population with immunosuppressive and angiogenic properties. Although they are actually normal host cells of bone marrow origin, systemic signals generated by pathologic conditions such as cancer cause them to leave bone marrow prematurely to engage in continuing proliferation and premature activation at extramedullary locations. In mouse tumor models, MDSCs infiltrate blood, normal peripheral organs, and tumors themselves, displaying persistent immature elements of monocyte (M-MDSC) and neutrophil (G-MDSC) morphology. 12 These cells are functionally defined by their capacity to suppress T-cell immunity through a variety of mechanisms. 12, 13 Myeloid-derived suppressor cells can deplete nutrients necessary for T-cell function such as L-arginine 14 via arginase 1 activity. They can consume L-cysteine, thereby limiting the availability of this amino acid, which is necessary for lymphocyte activation. 15 These types of T-cell inhibition are rapidly reversible by depleting MDSCs or by restoring the missing nutrients. However, some MDSC activation states result in production of reactive oxygen species and/or inducible nitric oxide synthase, resulting in a less reversible loss of both cytotoxic T lymphocyte activity and interferon F (IFN-F) production, and even destruction of the effector T-cell response. 9, 10, 16, 17 As demonstrated in animal tumor models, MDSCs can use tyrosine nitration to sterically block major histocompatibility complex-bound peptides from being presented to T cells via the TCR-CD8 complex. 18 Myeloid-derived suppressor cells can also inhibit T-cell function indirectly by promoting expansion of Tregs and by inducing conversion of naive T cells to a Treg phenotype. 19, 20 Finally, MDSCs can also decrease the L-selectin expression of naive T cells, eliminating their proclivity to enter peripheral lymph nodes where dendritic cell (DC)Ymediated sensitization to upstream tumor Ags may predominantly take place 21 (Fig. 1 , Table 1 ).
In addition to displaying overt immunosuppressive activity, MDSCs can promote angiogenesis. The coinjection of FIGURE 1. The production of chemokines by tumor and stromal cells and their subsequent binding to chemokine receptors expressed by different immune cells result in the activation and trafficking of these cells into renal tumor tissue, initiating events that typically promote tumor progression rather than anti-tumor immunity. Listed are the various immune regulatory cell types infiltrating the tumor along with the different mechanisms they may utilize, alone or in combination, to impair T-cell function and/or promote angiogenesis. Also shown are the infiltrating effector T cells along with possible mechanisms that may lead to T-cell anergy.
MDSCs (CD11b+Gr1+) along with tumor cells into mice increased vascular density and maturation within the tumor that was dependent on production of metallomatrix protein 9. Myeloidderived suppressor cells were shown to become incorporated into tumor endothelium and to acquire features of endothelial cells. 22 In certain mouse tumor models such as RENCA and B16, STAT3 signaling is thought to play a prominent role in promoting the angiogenic activity of tumor-infiltrating MDSCs and macrophages, and in these circumstances, production of angiogenic proteins such as VEGF and basic fibroblast growth factor has been shown to be STAT3-dependent. These STAT3regulated molecules in turn induce constitutive activation of STAT3 in endothelial cells, thereby further promoting angiogenesis in a manner that can be blocked by STAT3 inhibitors. 23 Multiple populations of MDSCs have been defined in human tumors by immunostaining and FACS analysis. 13 Normally, granulocytic (CD33+HLADRjCD15+CD14j), monocytic (CD33+HLADRjCD15jCD14+) and lineage negative (CD33+ HLADRjCD15jCD14j) subsets predominate, although additional subsets have been identified. In RCC patients, 6 populations of MDSCs have been defined. 24 However, in RCC patients, 14, 25, 11 as well as in those with other tumors such as brain, lung, head, and neck and pancreatic cancer, 26, 27 G (granulocytic)YMDSCs represent the numerically prevalent population. Granulocytic MDSCs isolated from RCC patients mediate T-cell suppression mainly by increased production of arginase, resulting in the depletion of arginine in patient plasma and down-regulation of the zeta chain in T cells. 11, 14, 25 This type of T-cell inhibition is very efficient but also rapidly reversible by depleting the G-MDSCs or by restoring the provision of arginine.
In early studies of mouse MDSCs, available evidence suggested that phenotypic immaturity was absolutely required for suppressor function. 28, 29 Contradicting this dogma, human studies have readily demonstrated that mature myeloid-derived cells can also display canonical MDSC function. For example, in RCC patients, peripheral blood was found to contain already mature, activated neutrophils with arginase-promoting suppressive activity, appropriately characterized as G-MDSCs. 14, 25 These findings resonate with the work of Schmielau and Finn, 30 showing that a significant proportion of granulocytes from pancreatic, colon, and breast cancer patients have lower-than-usual density, causing them to comigrate with lymphocytes and monocytes into the Ficoll-Hypaque interface during peripheral blood centrifugation rather than into the cell pellet with red blood cells. 30 The presence of such density-reduced granulocytes in these patients correlated with reduced T-cell zeta-chain expression and decreased cytokine production; in short, they too likely represented G-MDSCs. Their reduced density most likely derives from the continuous unloading of cytoplasmic granules, as opposed to the granule retention of normal resting neutrophils. A similar reduction in granulocyte density with acquisition of suppressive functions was also achieved in healthy donors by treating mature resting granulocytes with the chemotactic peptide N-formyl-Lmethionyl-L-leucyl-L-phenyalanine (fmlp). 30 Other data, however, suggest that at least a portion of human G-MDSCs constitute immature neutrophils (CD16jCD33+HLADRjCD66b+) because they display low to absent expression of the neutrophil maturation marker CD16 (FcRF1). 31 Additional functional and gene array studies are underway to define the interrelationship between the mature versus immature subsets of G-MDSCs, patient neutrophils, and resting versus activated neutrophils from healthy donors. Distinctive effects of cytokines in culture have already provided guiding insights; for example, it has been reported that immature G-MDSCs have striking phenotypic similarities to the MDSCs derived from human bone marrow after culture with granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-6. 32 This latter study also showed the transcription factor C/EBPb to be a potentially important regulator of MDSCmediated immune suppression in cancer.
The abnormal expansion of G-MDSCs and the other subsets in cancer patients is likely due to the overproduction of different growth factors including granulocyte colony-stimulating factor (G-CSF), GM-CSF, IL-6, VEGF, S100, and stem cell factor, 12 whereas other products in the tumor microenvironment promote MDSC activation, including IFN-F, COX2-dependent prostaglandins, IL-4, IL-13, and transforming growth factor A (TGF-A). Which of these cytokines and growth factors may be consistently operative in RCC patients is not as yet well defined. The one exception is VEGF, because it is abundantly expressed in RCC as a result of the silencing of VHL. 5 In addition, G-MDSC accumulation in RCC patients may be partly attributable to the differentiation of M-MDSCs into G-MDSCs as a consequence of retinoblastoma gene silencing. 27 Granulocytemacrophage colony-stimulating factor and tumor-conditioned medium can also be used in vitro or in vivo to differentiate M-MDSCs from tumor-bearing mice into G-MDSCs. In contrast, monocytes from nontumor bearers cannot be induced to differentiate into G-MDSCs. 27 A correlation is apparent between MDSCs levels in RCC patients' blood and tumor progression. Higher pretreatment levels of M-MDSCs and G-MDSCs in mRCC patients negatively correlate with overall survival. 24 Moreover, peripheral blood neutrophil levels have been identified as an independent predictor for short overall survival in metastatic RCC patients. 33Y37 Similarly in RCC patients with localized rather than widely metastatic disease, intratumoral CD66b+ neutrophils were an independent prognostic factor associated with a short recurrencefree survival. 38 
Strategies to Combat MDSCs
A number of strategies are being tested to reduce MDSC numbers and/or function in mouse tumor models and in cancer patients as a means to reverse immunosuppression (reviewed & The use of all-trans retinoic acid (ATRA) to promote the differentiation of immature myeloid cells has shown promise.
In vitro studies showed that ATRA reduced T-cell suppression, which correlated with the differentiation of MDSCs into normal myeloid cells. 17 Treatment of RCC patients with ATRA significantly reduced MDSC numbers in the blood. This trend was associated with an improvement in the myeloid/lymphocyte DC ratio and was correlated with a significant increase in tetanus-toxoidYspecific T-cell responses. However, combination treatment with IL-2 impaired the impact of ATRA on MDSCs. 40 The mechanism of MDSC differentiation by ATRA appears to be related to its ability to cause the accumulation of glutathione in these cells. 41 & Alternative MDSC differentiation strategies include the exploitation of natural myeloid maturation pathways to convert MDSCs into tumoricidal macrophages, which can be accomplished through signal transduction with CD40 ligand or agonal monoclonal antibody (mAb), Toll-like receptor (TLR) agonists, and/or T1-type cytokines. 42Y45 & Another strategy is to block suppressive MDSC function rather than reduce their numbers. In vitro studies showed that blocking the levels of reactive oxygen species with synthetic triterpenoid (CDDO, Me) via up-regulation of several antioxidant genes (NADPH:quinone oxidoreductase1, thioredoxin, catalase, superoxide dismutase) reduced the suppressive activity of MDSCs isolated from patients with RCC and soft tissue sarcomas. 46 Treatment of tumor-bearing mice with CDDO-Me did not alter the number of phenotypic MDSCs in the spleens but did reduce their suppressive activity and decreased tumor growth. & A third strategy is to destroy MDSCs so that they can no longer immunosuppress, and sunitinib is a seemingly promising candidate for this purpose. Treatment of RCC patients with sunitinib (current front line therapy) dramatically and consistently reduces the number of MDSCs in the peripheral blood 11, 47 thereby restoring type 1 T-cell IFN-F responses. 25, 48 In contrast to sunitinib, the anti-VEGF mAb bevacizumab did not reduce MDSCs in peripheral blood, suggesting that neutralization of VEGF signaling by itself is insufficiently promiscuous to reduce MDSCs. 14 In certain mouse tumor models, administration of sunitinib in addition to vaccines and/or adoptive therapy can enhance tumor regression, improve survival, and increase development of anti-tumor T-cell responses compared with either treatment alone. 49Y52 This confirms sunitinib's value as an immunoadjunct, but does not answer whether single-agent sunitinib's immunomodulations themselves constitute effective immunotherapy. As noted above, virtually all RCC patients receiving sunitinib display a dramatic reduction in peripheral blood MDSCs as well as normalization of peripheral blood T-cell secretion of IFN-F and proliferation during in vitro polyclonal stimulation. Paradoxically, these striking peripheral blood immunomodulations occur whether the RCC patients' tumors regress or progress during sunitinib treatment; hence, the immunomodulations are nonpredictive of sunitinib's therapeutic efficacy. Similarly, sunitinib's consistent ability to deplete peripheral blood MDSCs is not predictive of the drug's ability to deplete intratumoral MDSCs, which is contrast is ''hit or miss.'' However, sunitinib's ability to deplete intratumoral MDSCs is predictive of the therapeutic response to sunitinib, at least in animal tumor models.
Resistance to MDSCs Targeted Therapy
Resistance to anti-VEGF mAb therapy and resistance to rTKI appear to consist of 2 nonoverlapping escape mechanisms: & Resistance to anti-VEGF mAb therapy in tumor-bearing mice depends on MDSC infiltration of tumor and the production of G-CSF, and such resistance can be alleviated in certain instances by anti-G-CSF mAb administration. Resistance can also require G-MDSCs to produce the MDSCs chemoattractant Bv8, which can promote intratumor accumulation of MDSCs independent of the VEGF signaling pathway. 53 A recent study suggests that G-CSF mobilization of MDSCs is regulated by a MEK-dependent mechanism, because inhibition of G-CSF by a MEK inhibitor restored tumor sensitivity to anti-VEGF therapy in a mouse tumor model. 54 Whether MEK inhibitors can reverse resistance to anti-VEGF mAb therapy and sunitinib treatment in cancer patients will be of considerable interest. & Myeloid-derived suppressor cells likely also contribute to the near-complete resistance of the mouse 4T1 mammary tumor model to sunitinib, which stands in contrast to the RENCA kidney cancer model's near-total susceptibility to sunitinib. 10 Sunitinib therapy resulted in complete regressions of RENCA tumors but had only a modest and fleeting impact on 4T1 tumors before they progressed. These therapeutic disparities correlated with the persistent survival of MDSCs within 4T1 tumors versus a sustained wipeout of intratumoral MDSCs in the RENCA model, which lasted until sunitinib was discontinued. 11 Paradoxically, splenic MDSCs were effectively wiped out by sunitinib in both the 4T1 and RENCA models. 11 Many observations point to a 4T1 escape mechanism in which GM-CSF produced intratumorally induces local MDSCs to switch from sunitinib-sensitive STAT3-dependent programming to sunitinib-resistant STAT5-dependent programming:
) Granulocyte-macrophage colony-stimulating factor is detectable intratumorally but not intrasplenically in the 4T1 model. 10 ) Exogenous GM-CSF can protect bone marrowYderived MDSCs from sunitinib-induced cell death in vitro by substituting a STAT5-dependent, differentiation pathway for the sunitinib-susceptible, STAT3-dependent differentiation pathway. 10, 55 Knockout mouse studies have confirmed unequivocally that pSTAT5 confers sunitinib resistance. 10 ) Systemic administration of antiYGM-CSF (neutralizing) mAb in addition to sunitinib better retards 4T1 tumor growth, enhances the frequency of intratumoral T cells, and decreases the frequency and absolute numbers of intratumoral MDSCs (Fig. 2) . ) In contrast, systemic administration of recombinant GM-CSF causes intrasplenic MDSCs in the 4T1 model to develop sunitinib resistance similar to that already observed intratumorally (the compartment in which GM-CSF is naturally produced). 10 ) Real-time analyses of activated STAT proteins in 4T1-bearing mice have confirmed that intrasplenic MDSCs display uniform activation only of STAT3, predictive of sunitinib sensitivity. 23, 51, 56, 57 In contrast, intratumoral MDSCs variably activate STAT3, STAT1, and/or STAT5 or exist without any detectable STAT activation, affording alternatives to STAT3dependent programming that are resistant to sunitinib. 58 These observations strongly suggest that sunitinib treatment can be effective for ablating MDSCs only in those body compartments where prevalent cytokines favor STAT3-dependent differentiation (eg, G-CSF and IL-6 are the likely prevalent cytokines within the spleen). In contrast, compartments in which prevalent cytokines promote alternatives to STAT3-dependent differentiation (eg, GM-CSF and IFN-F within the tumor bed promote STAT5 and STAT1 dependence, respectively) have a ready basis for the MDSCs displaying sunitinib resistance.
Tumor-Associated Macrophages
Macrophages acquire distinctive tissue-specific phenotypes that are influenced by the tissues in which they reside. 59 The 2 extreme functional forms of macrophages are the classic M1 and M2 phenotypes, but it is now recognized that multiple variations of the M1/M2 phenotype exist. 59 The M1 phenotype occurs when macrophages are activated by combinations of Toll-like receptor agonists and type 1 cytokines such as IFN-F. The functional hallmarks of M1 cells include the heightened ability to phagocytize pathogens, produce proinflammatory cytokines (IL-12, tumor necrosis factor > [TNF->]), present class IIYrestricted antigens, and kill tumor targets. 60, 61 In contrast, TAMs typically have an M2-like phenotype induced by type 2 cytokines (IL-4, IL-13) and display higher production of anti-inflammatory cytokines such as IL-10. They also up-regulate molecules that can inhibit the development of adaptive immune responses, promote wound repair, and reduce inflammation. 62 Several studies have identified a dominance of TAMs in patients with clear cell RCC. In 1 study, TAMs were characterized as macrophages (CD11b+HLAjDR+CD15jCD33j CD163+CD68+) with, however, distinctive negativity for CD33. 63 These cells displayed immunosuppressive properties, including TAM production of IL-10, along with the additional ability to enhance T-cell production of IL-10. 63 Isolated TAMs as well as tumor tissue produced significant levels of the chemokine CCL2 (monocyte chemotactic protein-1) that attracts additional monocytes to the tumor. The production of IL-10 and CCL2 by RCC TAMs appears to be mediated by overexpression of the enzyme 15-lipoxygenase-2 (15-LOX2), resulting in substantial production of the biologically active lipid 15 (S) HETE. Interestingly, FIGURE 2. Neutralization of host GM-CSF potentiates responsiveness of 4T1 tumors to sunitinib. BALB/c mice bearing 10-day subcutaneous syngeneic 4T1 tumors were treated twice daily with 1 mg sunitinib (''Sunitinib,'' ''Sun,'' or ''Sutent'' 50 mg/kg) for 9 days, and variously also received 1 g antiYGM-CSF mAb or isotype control mAb intraperitoneally weekly from day 0 of tumor challenge. Mice were killed on day 20, and tumors analyzed for content of MDSCs and T cells. Bar graphs shows frequency or absolute numbers of MDSCs, CD4, and CD8 cells intratumorally. AntiYGM-CSF but not control (Ctrl) IgG reduced MDSC frequency in conjunction with sunitinib treatment and preserved intratumoral T cells compared with sunitinib treated or sunitinib + Ctrl IgG mice. Line graph shows significant retardation of 4T1 progression for sunitinib + antiYGM-CSF therapy versus untreated mice, whereas no significant difference was observed for sunitinib or sunitinib + Ctrl IgG mice versus untreated. inhibition of the lipoxygenase pathway by the inhibitor NDGA caused a reduction in CCL2 expression by TAMs, along with a diminished capacity of these cells to produce IL-10 and to induce T-cellYmediated production of IL-10 in coculture experiments. In addition, coincubation of TAMs with T cells increased lymphocyte expression of cytotoxic T-lymphocyte antigen-4 and Foxp3, thereby providing another mechanism of tumor escape initiated by TAMs. However, this pathway of suppression was not regulated by 15-LOX2. 63 Another study demonstrated that TAMs in RCC expressed the surface macrophage lineage markers CD163 and CD204 and that the frequency of intratumoral CD163+ cells increased with age, nuclear grade, and TNM classification. In univariate analysis but not in multivariate analysis, the level of CD163+ cells was significantly associated with poor clinical outcome. 64 This study also showed that tumor-conditioned medium from RCC lines promoted the polarization of macrophages to an M2 phenotype and that incubation of the TAMs with cancer cell lines induced STAT3 activation in the malignant cells, thereby further promoting tumor survival and a suppressive phenotype. This cell-cell interaction between TAMs and RCC malignant cells is likely mediated by membrane-bound macrophage colonystimulating factor expressed on renal tumors and M-CSFR expressed on macrophages; this hypothesized interaction is supported by the demonstration that reducing M-CSFR on macrophages with the use of an inhibitor also blocked STAT3 activation in tumor cells. 64 In addition, CSF-1 and CSF-1R can be coexpressed by RCCs and tubular epithelial cells that are in close proximity to one another. Colony-stimulating factor 1 (CSF-1) engagement of CSF-1R enhanced RCC survival and proliferation and diminished apoptosis. Thus, a CSF-1Ydependent autocrine pathway may also promote the growth of RCC, making the CSF-1/CSF-1R signaling pathway a rational therapeutic target for this tumor. 65 
T-Regulatory Cells
Regulatory T cells (CD4+CD25+Foxp3+) are known to be important mediators of immune suppression in cancer patients, and in some tumor types, the frequency of Treg-infiltrating tumors correlates with poor clinical outcome. 66 Among 2 main types of Tregs, natural Tregs develop in the thymus and play a key role in self-tolerance. 66 In addition, Tregs can be induced from T cells in the periphery in response to antigenic stimulation as a result of tolerogenic conditions. 66, 67 In contrast to CD25 and Foxp3, the IL-7R (CD127) is down-regulated on Tregs. 68 Additional markers are expressed that, although not exclusive to Tregs, help to define their suppressive mechanisms. 69 These include GITR, a member of the TNF receptor superfamily, which promotes suppressive activity as does CTLA-4, a costimulatory molecule with negative effects on T-cell activation. 70, 71 CTLA-4 expressed on Tregs can reduce or block CD80 and CD86 up-regulation on DCs, thus preventing their costimulatory function and hindering T-cell activation. 72 Regulatory T cells can also meditate T-cell suppression by production of IL-10 and TGF-A, although neutralization Ab studies suggest that these cytokines account for only a portion of Tregs' suppressive activity. 69 Activated Tregs can also induce cell death in CD4+ and CD8+ effector T cells by a granzyme-dependent pathway. This mechanism of suppression is supported by the observation that Tregs from granzyme BYdeficient mice show reduced suppressive activity. 73, 74 The accumulation of extracellular adenosine binding to receptors (A2A) on T cells also promotes lymphocyte suppression by Tregs that express CD39. 75, 76 CD39 is an ectonucleotidase, which in conjunction with CD73 induces cleavage of ADP and AMP, leading to the production of immunosuppressive adenosine that can block multiple T-cell functions. Unlike murine Tregs, those from humans may express CD39 alone, relying on surrounding cells (endothelial cells) to express CD73 69 (Fig. 1, Table 1 ).
Multiple studies have shown that Tregs are increased in the peripheral blood of patients with RCC when compared with healthy donors. 48,77Y83 Higher numbers of Foxp3+ Tregs in the peripheral blood or tumor bed were predictive of shortened overall survival as well as shortened disease-free survival. 78, 80, 82, 84 In addition, a significant positive correlation was observed between the frequency of tumor-infiltrating Tregs and VEGF protein expression, as well as between Treg frequency and microvessel density score, 79 suggesting that the level of Treg infiltrate correlated with angiogenic status. The frequency of tumor-infiltrating Tregs was also shown to significantly correlate with the pathological stage and nuclear grade. 79 Whereas the previously mentioned reports underscored the poor prognosis associated with elevated levels of Foxp3+ Tregs, a single study by Siddiqui et al 83 reported that patients with localized RCC experienced poorer survival if there was a higher frequency of tumor-infiltrating CD4+CD25+ T cells, which were also negative rather than positive for Foxp3. Such a Foxp3-negative suppressor T-cell phenotype has been observed in type 1 regulatory CD4+ T cells (Tr1), which produce IL-10 and TGF-A in recognition of self-antigens, as well as in T H 3 cells, which produce TGF-A in oral tolerance responses. 85, 86 Several studies in RCC patients demonstrated that treatment with high-dose IL-2 alone or with vaccine (composed of DCs pulsed with RCC lysates) caused an increase in the number of Tregs within the peripheral blood. The expansion of Tregs was significantly lower in the responding patients versus the nonresponders, and in the responders, there was an associated down-regulation of genes linked to Treg pathways. 77, 81, 87 Likewise, analysis of core biopsies from RCC patients revealed that intratumoral Foxp3+ Treg numbers significantly increased during IL-2Ybased immunotherapy, and high numbers of ontreatment Foxp3+ cells were correlated with poor prognosis and poor response to treatment. 84 Given these findings, it is entirely appropriate that multiple strategies are being tested to reduce Tregs in cancer patients, including those with RCC. Targeting CD25 with Ab is effective at decreasing Tregs in mouse tumor models, resulting in tumor regression. 88 The use of human anti-CD25 mAb in melanoma patients reduced circulating Tregs and promoted the expansion of tumor-specific CTL following vaccination. 89 In patients with metastatic RCC, treatment with recombinant IL-2 diphtheria toxin conjugate DAB 389 IL-2 (also known as denileukin, diftitox, or ONTAK) was effective at eliminating CD25+ Tregs from the peripheral blood mononuclear cells without altering the levels of T cells expressing low or intermediate levels of CD25. When combined with a tumor RNA-transfected DC vaccine, ONTAK improved the induction of a tumor-specific T-cell response in RCC patients relative to treatment with vaccine alone. 90 The main issue with targeting CD25 is that activated T cells also express CD25 and that reducing the number of tumor-specific T cells could diminish the anti-tumor T-cell response.
Some chemotherapy agents such cyclophosphamide and paclitaxel transiently reduce the number of Tregs in the peripheral blood. 69 In a recent vaccine trial using multiple tumor-associated peptides in mRCC patients, it was revealed that a single dose of cyclophosphamide (300 mg/m 2 ) reduced the number of Tregs, and this reduction coincided with the presence of a T-cell response to peptide vaccine and with longer patient survival. 24 Given that Tregs can express VEGFR2, which is a target of the rTKI sunitinib and sorafenib, it is not surprising these small molecules can reduce Treg levels in the peripheral blood. 48, 91, 92 In 1 study, a decrease in the number of Tregs after 2 or 3 cycles of sunitinib treatment (P G 0.05) was associated with longer overall survival of mRCC patients. In the same study, the intratumor levels of Tregs also decreased in 5 of 7 patients following sunitinib therapy in a neoadjuvant trial, 91 suggesting that systemic treatment with sunitinib may reduce immune suppression in the tumor microenvironment as has been reported in mouse tumor models treated with sunitinib alone and in combination with immunotherapy. 10,49Y52 The reduction of Tregs by sunitinib may in fact be an indirect consequence of MDSCs reduction. 11, 20, 52 Interestingly, the induction of Treg expansion by MDSCs is dependent on MDSCs expression of CD40. 20 Blocking Treg function is another approach to reducing Treg numbers, and this includes the use of antiYCTLA-4 and antiYPD-1 antibodies, because both proteins are expressed on Tregs. However, the main strategic goal of antiYCTLA-4 mAb therapy remains to block the interaction of CTLA-4 on effector T cells with CD80/CD86 on Agpresenting cells, and there is some evidence that injudiciously dosed antiYCTLA-4 can paradoxically increase Treg numbers while failing to block their function. 93, 94 
CHEMOKINE AND CHEMOKINE RECEPTOR DYSREGULATION IN RCC
Chemokines and chemokine receptors are involved in tumor development in diverse ways that include roles in cell trafficking, tumor metastasis, tumor cell proliferation, and neovascularization. 95 Chemokine and chemokine receptors are critical for the migration of T effectors and M1 macrophages into the tumor to achieve therapeutic ends, but they also promote the accumulation of immunosuppressive cells within the tumor. 95 Thus, a better understanding of chemokines and their receptors is important to develop strategies, which may favorably control their expression and/or function within the tumor microenvironment ( Fig. 1, Table 1 ).
Myeloid-Derived Suppressor Cells
Limited studies have been performed to define the trafficking of G-and M-MDSCs into tumors. Nevertheless, recent work has shown that impaired TGF-A signaling results in the recruitment of MDSCs into murine tumors that is dependent on the chemokine/chemokine receptor axes stromal cell-derived factor (SDF)-1 and CXC chemokine receptors (CXCR)-4 and CXCL5/CXCR2. 96 CXCR2 and CXCR4 are expressed predominantly on G-MDSCs, whereas CC chemokine receptors (beta chemokine receptors) (CCR)-5 and CCR2 are expressed mainly on M-MDSCs. The CXCR2 antagonist SB-265610 selectively reduced the accumulation of the G-MDSC subset in the tumor, indicating that CXCR2 is a major receptor in regulating G-MDSC migration. CXCR4 is expressed at high levels on tumor derived-MDSCs compared with spleen-derived MDSCs, and in vitro studies showed that their migration toward its SDF-1 was blocked by neutralizing mAb to SDF-1, suggesting that this chemokine regulates trafficking of CXCR4+ MDSCs. 96 Interestingly, CXCR4 is overexpressed on human RCC as a result of loss of function of the VHL gene, and the expression of CXCR4 predicts poor prognosis in RCC. 97, 98 These findings would make it difficult to target CXCR4 on MDSCs in mRCC patients. Targeting other chemokine receptors on MDSCs in RCC patients is of interest particularly CCR2 because it is expressed on M-MDSCs. 99 Indeed, using a mouse tumor model, CCR2+ MDSCs were shown to limit the infiltration of activated CD8+ T cells into the tumor, and therefore targeting CCR2+ M-MDSCs could enhance outcomes in immunotherapy. This strategy is supported by the finding that adoptively transferred CCR2j/j MDSCs displayed reduced migration into tumor or spleen and resulted in less MDSC-enhanced tumor growth compared with CCR2+/+ MDSCs. 100 
Macrophages
The recruitment of TAMs to the tumor is likely mediated by several chemokines including CCL2, which is the ligand for CCR2, a chemokine receptor that is expressed on macrophages. Renal cell carcinoma tissue is known to produce CCL2 above the level produced by normal kidney tissue, although isolated TAMs from RCC patients also produced CCL2 possibly as a feedback loop to attract more TAMs. 63 In patients with urothelial and renal carcinoma, a substantial population of peripheral blood MDSCs (M-and G-) and tissue-derived macrophages express the chemokine receptor CCR8. Isolated CD11+CCR8+ cells produced substantially more IL-6, VEGF, CCL3, and CCL4 than did their CCR8-negative counterpart, although for other inspected cytokines/chemokines, production was the same for CCR8+ and CCR8j cells (TNF->, IL-1A, and IL-8). 101 However, within tumor, the CCR8+ subset of TAMs was preferentially STAT3-activated and capable of inducing Foxp3 expression in T lymphocytes. These cells also produced high levels of the CCR8 ligand CCL1. Thus, the CCL1/CCR8 axis and the CCR2/CCL2 axis appear to represent important players in promoting trafficking of immunosuppressive TAMs to RCC tissue.
T-Regulatory Cells
Several chemokine receptor-ligand pairs promote the accumulation of Tregs into human tumors. Tumor cells and TAMs produce the chemokine CCL22, which promotes the trafficking of Tregs into tumor via its binding to the chemokine receptor CCR4 expressed on Tregs 102, 103 The recruitment of Tregs into tumor via the CCL22-CCR4 axis is associated with poor clinical outcome in breast cancer patients. 104 In other tumors, the production of CCL5 is important to the trafficking of CCR5+ Tregs. 105 In RCC patients, Foxp3+ Tregs were found to be enriched within tumor infiltrating lymphocytes relative to corresponding peripheral blood mononuclear cell peripheral blood lymphocytes and expressed high levels of CCR5, CXCR3, CXCR6, and CCR6. Even though the ligands for each of these receptors have been detected in tumor tissue, their relative importance for Tregs trafficking into RCC remains speculative. However, CCR6 is likely to play an important role because CCR6 is expressed on Tregs that migrate to CCL20 during in vitro studies. 106, 107 
T Lymphocytes (Effectors and Helpers)
The chemokines involved in the recruitment of T cells into tumor include CCL3, CCL5, CCL20, and CXCL10 95 and are thought to play a role in regulating anti-tumor immunity. In RCC, the chemokines promoting T-cell migration into tumors appear to be the CXCR3 ligands CXCL9 and CXCL10. High levels of these chemokines were associated with a significant CD8+ T-cell infiltrate, correlating with reduced tumor growth and less recurrence in patients with localized RCC. 108 Analysis of T H 1 and T H 2 responses also revealed that CXCR2 and CCR5 along with their corresponding ligands were important for the infiltration of both T-cell subsets into RCC tissue. Furthermore, tumors expressing high levels of CXCL9 appear to serve as an independent favorable prognostic factor in RCC patients. 109 It is also clear that the tumor microenvironment can modify chemokines to be less effective at promoting the trafficking of T cells to the tumor. In certain human (colon) and mouse (EG7) tumors, the chemokine CCL2, which is chemoattractive for myeloid cells and T cells, was shown to be nitrated by reactive nitrogen species expressed in the tumor microenvironment. 110 The nitration of CCL2 in the tumor hindered T-cell infiltration, causing an accumulation of tumor-specific T cells in the stromal rather than penetrating the tumor tissue. Most interestingly, a novel small molecule was developed that blocked nitration of CCL2 and improved T-cell infiltration, thus providing a possible approach to reverse this form of immune suppression. 110 
CELLULAR DYSFUNCTION AS A CONSEQUENCE OF THE TUMOR MICROENVIRONMENT
Antigen Presentation
A critical event in the development of an anti-tumor immunity is T-cell recognition of Ag presented by DCs. However, in many types of cancer including RCC, the capacity of DCs to display Ag is altered, thereby hindering the development of an effective T-cell response against tumor. Understanding how the tumor environment impairs DC Ag presentation is thus important for the development of strategies to improve DC function.
Dysfunction of DCs in the Tumor
Several studies have shown that impaired myelopoiesis in the tumor-bearing host is a central mechanism to explain DC dysfunction in tumors. 12 Within the tumor environment, under the influence of multiple growth factors and cytokines, there is no semblance of normal myeloid differentiation, resulting in low production of mature DCs along with enhanced accumulation of immature DCs and immature non-DC myeloid cells with suppressive activity. 12 In addition, hypoxia induces hypoxia-inducing factor 1> in DC, resulting in up-regulation of the adenosine receptor (A2B). 111, 112 Dendritic cells expressing A2B receptors promote a type 2 response rather than the type 1 response, which is preferable for anti-tumor T-cell immunity. Excess adenosine in tumors also induces expression of proangiogenic proteins in DCs (IL-6, VEGF, IL-8) and boosts production of mediators of suppression (IDO [indoleamine 2,3-dioxygenase], COX2, and IL-10). 113 It is also known that intratumoral DCs accumulate lipids via the up-regulation of scavenger receptors, which diminish the capacity of DCs to process antigen for presentation to T cells. 114 Others have shown that the tumor microenvironment can induce DCs to directly suppress T-cell function by producing either arginase or IDO. 115, 116 Dysfunctional DC subsets have been characterized in RCC patients. 117 The use of specific antibodies that define distinct subsets of DCs (BDCA-2 or BDCA-4 for plasmacytoid dendritic cells (pDCs) and BDCA-1 for myeloid dendritic cells 1 (mDC1) and BDCA-3 for mDC2) followed by FACS analysis revealed that mRCC patients had reduced levels of myeloid DCs (mDC1, mDC2 ) and plasmacytoid pDCs in the peripheral blood. Although there was abundant migration of DC subsets to the tumor, they exhibited an immature phenotype (DC-LAMP) and failed to differentiate into mature DCs. However, when cultured in vitro under the proper conditions, RCCderived mDC1 stimulated a strong anti-tumor T-cell response to DCs pulsed with tumor lysates, suggesting that DC function can be rescued from the tumor microenvironment. 117 Effector T-Cell Response in RCC Analyses of T-cell function in patients with localized RCC suggest that the activity of both T H 1 (IFN-F) and T H 2 (IL-4) T-cell responses are up-regulated in the tumor. Interestingly, RCC expressing high levels of T H 1 chemokines and IFN-F expression did not recur after curative surgery. 109, 118, 119 However, the simultaneous increase in T H 2 response in RCC may dampen the development of a potent T H 1-type response that would be more favorable for the development of sustained antitumor immunity. Indeed, studies in patients with metastatic RCC revealed a skewing toward a T H 2 response when measuring peripheral blood CD8+ and CD4+ T-cell responses against RCCassociated antigens EphA2 and MAGE-6. In marked contrast, immune reactivity to EphA2-derived epitopes was greatly enhanced in CD8+ T cells that had been isolated from patients who were rendered disease-free by surgery. In addition, the majority of patients with active disease were also highly skewed toward T H 2-type responses against MAGE-6-derived epitopes, irrespective of their stage (stage I vs IV) of disease, whereas normal donors and cancer patients with no current evidence of disease exhibited either mixed T H 1/T H 2 or strongly T H 1-polarized responses to MAGE-6 peptides. These findings suggest that immunotherapeutic approaches will likely have to overcome or at the very least coexist with systemic T H 2-dominated, tumor-reactive T-cell responses. 120Y122 A recent study furthermore showed that CD8+ T cells infiltrating RCC are defective in CD3 stimulation, resulting from impaired activation of downstream targets such as ERK, AKT, and JNK, with high expression of diacylglycerol kinase > (DGK->). Inhibition of DGK-> expression improved phosphorylation of ERK and AKT, stimulating CTL to degranulate and produce IFN-F. 123 It remains speculative whether the defective signaling detected in RCC TIL is related to the overexpression of CD70 on RCC and stromal cells, thereby resulting in T cells that display proliferative exhaustion. 124 Whereas several studies suggest that CD70 promotes T-cell activation, others have shown that CD70associated RCC induced T-cell apoptosis. 125 When RCC TILs were compared with those from melanoma patients, TILs from RCC contained lower number of CD27+ T cells as well as fewer naive and central memory T cells, but more memory effector cells. 124 It is possible that the historical difficulty in detecting and expanding tumor-reactive T cells from RCC patients may reflect that a significant proportion of the T cells are in an exhausted state induced by CD70 expression in the RCC microenvironment.
If CD70 promotes suppression, then targeting this molecule may be therapeutically relevant. Indeed, anti-CD70 Abdrug conjugates (ADC) consisting of auristatin phenylalanine phenylenediamine (AFP) or monomethyl auristatin phenylalanine, 2 novel derivatives of the antitubulin agent auristatin, can mediate potent Ag-dependent cytotoxicity against CD70expressing RCC cells. Hence, ADCs targeted to CD70 can selectively recognize RCC, internalize, and reach the appropriate subcellular compartment(s) for drug release and tumor cell killing. 126 
CONCLUSIONS
Recent evidence in vaccine trials underscores that RCC is susceptible to Ag-directed immunotherapy and that judicious use of cytokines and chemotherapy can potentiate therapeutic responses in RCC as has already proved possible for melanoma. Depletion of inhibitory host cells without impairing effector T-cell function can be achieved either with chemotherapy or with the promiscuous rTKI sunitinib. Although sunitinib's capacity to deplete MDSCs is particularly striking, it appears to be limited to MDSCs with chronic STAT3 activation (phospho-STAT3Y dependent programming [pSTAT3+]), hence ineffective against MDSCs with other STAT activation profiles, which are especially prone to arise within the tumor bed. Because MDSCs typically induce Tregs rather than vice versa, gaining control over MDSCs, both pSTAT3+ and pSTAT3j MDSCs, is an important initial step in any immunotherapy strategy directed at RCC. The most utilitarian strategy to gain control over MDSCs may be to exploit the natural differentiation pathway, which permits conversion of MDSCs into tumoricidal macrophages (TM1) via such stimuli as TLR agonists, IFN-F, and CD40 ligation. This strategy is also likely applicable to other types of solid tumors. 11 
